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possible co n trib u tio n  of new phenom ena to  th e  signal region yields.
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1 I n t r o d u c t i o n
S upersym m etry  (SUSY) [1- 6] is one of th e  best-m otivated  extensions of th e  S tan d ard  M odel 
(SM ). A general review can  be found in ref. [7]. In  its m inim al realization  (th e  M SSM ) [8 , 9] 
it p red ic ts a new bosonic (ferm ionic) p a r tn e r for each fundam en tal SM ferm ion (boson), 
as well as an  add itiona l Higgs doub let. If  R -p arity  [10] is conserved (R P C ) th e  lightest 
supersym m etric  partic le  (LSP) is s tab le  and  can  be th e  ligh test n eu tra lin o 1 Xi. In  m any 
m odels, th e  LSP can  be a d a rk -m a tte r  can d id a te  [11, 12] and p roduce signatu res w ith  large 
m issing transverse  m om entum . If in stead  R -p arity  is v io lated  (R P V ), th e  LSP decay can 
generate  events w ith  high je t  and  lep ton  m ultiplicity. B o th  R P C  and  R P V  scenarios can 
p roduce th e  final-sta te  signatu res considered in th is article.
In  order to  address th e  SM hierarchy  problem  w ith  SUSY m odels [13- 16], TeV -scale 
m asses are required  [17, 18] for th e  p artn e rs  of th e  gluons (gluinos g) and  of th e  to p  
quarks (top  squarks t L and t R), due to  th e  large to p  Yukawa coupling.2 T he la tte r  also 
favours significant t L- t R m ixing, so th a t  th e  m ass e igensta te  t 1 is ligh ter th a n  all the
1The SUSY partners of the Higgs and electroweak gauge bosons, the electroweakinos, mix to form 
the mass eigenstates known as charginos (x±, l =  1, 2 ordered by increasing mass) and neutralinos (XOi, 
m =  1 , . . . , 4 ordered by increasing mass).
2The partners of the left-handed (right-handed) quarks are labelled qL ( R ) . In the case where there is 
significant L/R mixing (as is the case for third-generation squarks) the mass eigenstates of these squarks 
are labelled qr1 2  ordered by increasing mass.
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o th e r squarks in m any scenarios [19, 20]. B o tto m  squarks (b1) m ay also be light, being 
bound  to  to p  squarks by SU (2)L invariance. T his leads to  p o ten tia lly  large p roduc tion  
cross-sections for gluino pairs (gg), to p -an tito p  squark  pairs (^ ¾ )  and  b o tto m -an tib o tto m  
squark  pairs ( b 1 b 1) a t th e  L arge H adron  Collider (LH C) [21]. P ro d u c tio n  of isolated leptons 
m ay arise in th e  cascade decays of those su p erp artn ers  to  SM quarks and  neu tra linos Xi, 
v ia  in term ed iate  neu tra linos X2,3,4 or charginos % f2 th a t  in tu rn  lead to  W , Z  or Higgs 
bosons, or to  lep ton  su p erp artn ers  (sleptons, ^). L ight th ird -g en era tio n  squarks w ould also 
enhance gluino decays to  to p  or b o tto m  quarks relative to  th e  generic decays involving 
light-flavour squarks, favouring th e  p rod u c tio n  of heavy-flavour quarks and, in th e  case of 
to p  quarks, add itiona l isolated leptons.
T his artic le  presents a search for SUSY in final s ta te s  w ith  two leptons (electrons 
or m uons) of th e  sam e electric charge, referred to  as sam e-sign (SS) leptons, or th ree  
leptons (3L), je ts  and  in some cases also m issing transverse  m om entum , whose m agnitude 
is referred to  as E™ ss. O nly p ro m p t decays of SUSY partic les are considered. It is an  
ex tension  of an  earlier search perform ed by th e  ATLAS experim ent [22] w ith  y/s  =  13 TeV 
d a ta  [23], and  uses th e  d a ta  collected in p ro to n -p ro to n  (pp) collisions during  2015 and  2016. 
S im ilar searches for SUSY in th is  topology were also perform ed by th e  CMS experim ent 
a t a /s =  13 TeV [24- 26]. W hile th e  sam e-sign or th ree -lep ton  signatu res are present in 
m any scenarios of physics beyond th e  SM (BSM ), SM processes leading to  such final s ta tes  
have very sm all cross-sections. C om pared  to  o th e r BSM  searches, analyses based on these 
signatu res therefore allow th e  use of looser k inem atic  requirem ents (for exam ple, on E™ ss 
or on th e  m om entum  of je ts  and lep tons), preserving sensitiv ity  to  scenarios w ith  sm all 
m ass differences betw een th e  produced  g lu inos/squarks and  th e  LSP, or in which R -p arity  
is no t conserved. T his sensitiv ity  to  a wide range of BSM  physics processes is illu stra ted  
by th e  in te rp re ta tio n  of th e  resu lts in th e  con tex t of twelve different SUSY simplified 
m odels [27- 29] th a t  m ay lead to  sam e-sign or th ree -lep ton  signatures.
For R P C  m odels, th e  first four scenarios stud ied  focus on gluino pair p roduc tion  w ith  
decays in to  on-shell (figure 1a) or off-shell (figure 1b) to p  quarks, as well as on-shell light 
quarks. T he la tte r  are accom panied by a cascade decay involving a Xi and  a X2 (figure 1c) 
or a X0 and  light sleptons (figure 1d) . T he o th er two R P C  scenarios ta rg e t th e  d irec t p ro ­
ductio n  of th ird -g en era tio n  squark  pairs w ith  subsequent electrow eakino-m ediated  decays 
(figures 1e and  1f) . T he form er is characterized  by final s ta tes  w ith  b o tto m  squark  pairs 
decaying to  t^W W A iX i. T he la tte r, addressed here by looking a t a final s ta te  w ith  th ree  
sam e-sign leptons, is a m odel th a t  could explain  th e  slight excess seen in sam e-sign lepton 
signatu res during  R u n  1 [30]. F inally, a full SUSY m odel w ith  low fine-tuning, th e  non- 
universal Higgs m odel w ith  tw o ex tra  p aram eters  (NUHM 2) [31 , 32], is also considered. 
W hen  th e  soft-SU SY -breaking electrow eakino m ass, m 1/ 2, is in th e  range 300-800 GeV, 
th e  m odel m ainly  involves gluino p a ir p roduc tion  w ith  gluinos decaying p redom inan tly  to  
t tX  1 and  tbX i , giving rise to  final s ta te s  w ith  tw o sam e-sign leptons and  E Jfiss.
In  th e  case of non-zero R P V  couplings in th e  baryonic sector (A"-fc), as proposed in 
scenarios w ith  m inim al flavour v io lation  [33- 35], gluinos and  squarks m ay decay d irec tly  to  
to p  quarks, leading to  final s ta tes  w ith  sam e-sign leptons [36, 37] and  b-quarks (figures 1g 
and  1h) . A lthough  these figures illu s tra te  decay m odes m ediated  by non-zero A313 (resp.
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Figure 1. RPC SUSY processes featuring gluino ((a), (b), (c), (d)) or third-generation squark 
((e), (f)) pair production studied in this analysis. RPV SUSY models considered are gluino pair 
production ((g), (h), (i), (j)) and t-channel production of down squark-rights ((k), (l)) which decay 
via baryon- or lepton-number violating couplings A" and A' respectively. In the diagrams, q =  
u ,d ,c ,s  and £ =  e, p, t . In figure 1d, £ =  e , ^ , r  and v  =  ve,v ^ ,v T. In figure 1f, the W * labels 
indicate largely off-shell W bosons — the mass difference between Xi and Xi is around 1 GeV.
A((21) couplings, the exclusion limits set for these scenarios also hold for non-zero A"^ 
(resp. A"11 or A/3/22), as these couplings lead to experimentally indistinguishable final states. 
Alternatively a gluino decaying to a neutralino LSP that further decays to SM particles 
via a non-zero RPV coupling in the leptonic sector, A/, or in the baryonic sector A//, is also 
possible (figures 1i and 1j) . Lower ETplss is expected in these scenarios, as there is no stable 
LSP, and the ETplss originates from neutrinos produced in the An and top quark decays. 
Pair production of same-sign down squark-rights3 (figures 1k and 1l) is also considered. 
In all of these scenarios, antisquarks decay into the charge-conjugate final states of those 
indicated for the corresponding squarks, and gluinos decay with equal probabilities into 
the given final state or its charge conjugate.
2 ATLAS detector
The ATLAS experiment [22] is a multipurpose particle detector with a forward-backward 
symmetric cylindrical geometry and nearly 4n coverage in solid angle.4 The interaction
3These R PV  baryon-number-violating couplings only apply to  SU(2) singlets.
4ATLAS uses a right-handed coordinate system w ith its origin a t the nominal interaction point (IP) in 
the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to  the centre
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poin t is su rrounded  by an  inner d e tec to r (ID) for track ing , a ca lo rim eter system , and  a 
m uon sp ec tro m eter (M S). T he ID provides precision track ing  of charged partic les w ith  
pseudorap id ities |n| <  2.5 and is su rrounded  by a superconducting  solenoid providing a 2 T  
axial m agnetic field. It consists of silicon pixel and  silicon m icro-strip  detec to rs  inside a 
tran s itio n  rad ia tio n  tracker. One significant upgrade for th e  ^/s  =  13 TeV runn ing  period  is 
th e  presence of th e  insertab le  B -Layer [38], an  add itional pixel layer close to  th e  in teraction  
poin t, w hich provides h igh-resolution h its a t sm all rad ius to  im prove th e  track ing  and 
vertex ing  perform ance. In  th e  pseudorap id ity  region |n| <  2.5, h igh-granu larity  lead /liqu id - 
argon electrom agnetic  sam pling calorim eters are used. A s tee l/sc in tilla to r tile  calo rim eter 
m easures hadron  energies for |n| <  1.7. T he endcap  and  forw ard regions, spanning  1.5 <  
|n| <  4.9, are in stru m en ted  w ith  liquid-argon calorim eters for b o th  th e  electrom agnetic 
and  hadron ic m easurem ents. T he MS consists of th ree  large superconducting  to ro ids w ith  
eight coils each and  a system  of trigger and  precision-tracking cham bers, w hich provide 
triggering  and  track ing  capab ilities in th e  ranges |n| <  2.4 and  |n| <  2.7, respectively. A 
two-level trigger system  is used to  select events [39]. T he first-level trigger is im plem ented 
in hardw are. T his is followed by th e  softw are-based high-level trigger, w hich can  run  
a lgorithm s sim ilar to  those used in th e  offline reconstruction  softw are, reducing th e  event 
ra te  to  ab o u t 1 kHz.
3  D a t a  s e t  a n d  s i m u l a t e d  e v e n t  s a m p l e s
T he d a ta  used in th is  analysis were collected du ring  2015 and  2016 w ith  a peak  in s ta n ta ­
neous lum inosity  of L =  1.4 x 1034 cm - 2 s- 1 . T he m ean num ber of pp  in teractions per 
bunch  crossing (pile-up) in th e  d a ta  set is 24. A fter th e  app lica tion  of beam , d e tec to r and 
d a ta -q u a lity  requirem ents, th e  in teg ra ted  lum inosity  considered corresponds to  36.1 fb - 1 . 
T he u n ce rta in ty  in th e  com bined 2015+2016 in teg ra ted  lum inosity  is 3.2%. I t  is derived, 
following a m ethodology sim ilar to  th a t  detailed  in ref. [40], from  a pre lim inary  ca lib ra tion  
of th e  lum inosity  scale using x -y  b eam -separation  scans perform ed in A ugust 2015 and 
M ay 2016.
M onte C arlo (M C) sim ulated  event sam ples are used to  m odel th e  SUSY signals and 
to  es tim ate  th e  irreducible SM background w ith  two sam e-sign a n d /o r  th ree  “p ro m p t” 
leptons. P ro m p t leptons are produced  d irec tly  in th e  h ard -sca tte rin g  process, or in th e  
subsequent decays of W , Z  and  H  bosons or p ro m p t t  leptons. T he reducible background, 
m ainly  arising  from  t t  p roduction , is e s tim ated  from  th e  d a ta  as described in section 5.1. 
T he M C sam ples were processed th ro u g h  a detailed  ATLAS d etec to r sim ulation [41] based 
on G e a n t 4  [42] or a fast sim ulation using a param eteriza tio n  of th e  calorim eter response 
and  G e a n t 4  for th e  ID  and  MS [43]. To sim ulate th e  effects of add itional pp collisions in 
th e  sam e and  nearby  bunch crossings, inelastic in teractions were generated  using th e  soft
of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, 0) are used in the transverse 
plane, 0 being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the 
polar angle 6 as n =  — lntan(6/2). Rapidity is defined as y =  0.5ln[(E +  pz ) / (E — pz)] where E  denotes 
the energy and pz is the component of the momentum along the beam direction. The transverse momentum 
pT, the transverse energy ET and the missing transverse momentum E™lss are defined in the x-y  plane.
- 4 -
JH
E
P
09(2017)084
Physics process Event generator P a rto n  shower Cross-section
norm alization
P D F  set Set of tuned 
param eters
Signal
R PC MG5_a M C@NLO 2.2.3 [48 | P ythia  8.186 [44 | N LO +N LL N N PD F2.3LO  [49 ] A14 [50]
R PV  except figure 1j MG5_a M C@NLO 2.2.3 P ythia  8.210 or N N PD F2.3LO A14
R PV  figure 1j H erw ig+ +  2.7.1 [51] Herw ig+ +  2.7.1 N LO -Prospino2 [52- 57] CTEQ6L1 [58] U EEE5 [59]
t£ +  X
ttW, tZj7* MG5_a M C@NLO 2.2.2 P ythia  8.186 NLO [60| N N PD F2.3LO A14
ttH MG5_a M C@NLO 2.3.2 P ythia  8.186 NLO [60| N N PD F2.3LO A14
4t MG5_a M C@NLO 2.2.2 P ythia  8.186 NLO [48] N N PD F2.3LO A14
D iboson 
Z Z , W Z Sherpa 2.2.1 [61] Sherpa  2.2.1 NLO [62] N N PD F2.3LO Sherpa default
O ther (inc. W ± W ± ) Sherpa 2.1.1 Sherpa  2.1.1 NLO [62] CT10 [63] Sherpa default
R are
t tW W , t tW Z MG5_a M C@NLO 2.2.2 P ythia  8.186 NLO [48 ] N N PD F2.3LO A14
tZ , tW Z , ttt MG5_a M C@NLO 2.2.2 P ythia  8.186 LO N N PD F2.3LO A14
W H , Z H MG5_a M C@NLO 2.2.2 P ythia  8.186 NLO [64] N N PD F2.3LO A14
Triboson Sherpa 2.1.1 Sherpa  2.1.1 NLO [62] CT10 Sherpa default
T ab le  1. Simulated signal and background event samples: the corresponding event generator, 
parton shower, cross-section normalization, PDF set and set of tuned parameters are shown for each 
sample. Because of their very small contribution to the signal-region background estimate, t tW W , 
t tW Z , t Z , tW Z , ttt, W H , Z H  and triboson are summed and labelled “rare” in the following. NLO- 
Prospino2 refers to RPV down squark models of figures 1k and 1l, as well as the NUHM2 model.
s trong-in teraction  processes of P y t h ia  8.186 [44] w ith  a set of tu n ed  p aram eters  referred 
to  as th e  A2 tu n e  [45] and  th e  M STW 2008LO  p a rto n  d is trib u tio n  function  (P D F ) set [46]. 
T hese M C events were overlaid on to  th e  sim ulated  h a rd -sca tte r  event and  rew eighted to  
m atch  th e  pile-up conditions observed in th e  d a ta . Table 1 p resen ts, for all sam ples, th e  
event gen era to r, p a r to n  shower, cross-section norm aliza tion , P D F  set and  th e  set of tu n ed  
p aram eters  for th e  m odelling of th e  p a rto n  shower, had ron iza tion  and  underly ing  event. In 
all M C sam ples, except those produced  by th e  S h e r p a  event generato r, th e  E v t G e n  v1.2.0 
p rogram  [47] was used to  m odel th e  properties of b o tto m  and charm  hadron  decays.
T he SUSY signals from  figure 1 are defined by an  effective L agrangian  describ ing th e  
in teractions of a sm all num ber of new partic les [27- 29]. All SUSY partic les no t included in 
th e  decay of th e  pair-p roduced  squarks and  gluinos are effectively decoupled. T hese sim pli­
fied m odels assum e one p roduc tion  process and  one decay channel w ith  a 100% branching  
fraction . A p art from  figure 1j, w here events were generated  w ith  H erw ig H —+ [51], all 
sim plified m odels were generated  from  leading-order (LO) m a trix  elem ents w ith  up  to  two 
ex tra  p arto n s  in th e  m a trix  elem ent (only up to  one for th e  g ^  qq (£ £ /vv )Xi m odel) using 
M G 5 _ aM C @ N L O  2.2.3 [48] in terfaced to  P y t h i a  8 w ith  th e  A14 tu n e  [50] for th e  m od­
elling of th e  p a r to n  shower, had ron ization  and  underly ing  event. Je t-p a r to n  m atch ing  was 
realized following th e  C K K W -L prescrip tion  [65], w ith  a m atch ing  scale set to  one q u a rte r  
of th e  pair-p roduced  su p e rp a rtn e r m ass. All signal m odels were generated  w ith  p rom pt 
decays of th e  SUSY particles. Signal cross-sections were calcu lated  a t nex t-to -lead ing  order 
(NLO) in th e  s trong  coupling co n stan t, adding  th e  resum m ation  of soft-gluon em ission a t 
nex t-to -lead ing-logarithm ic accuracy  (N L O +N L L ) [52- 56], except for th e  R P V  m odels of 
figures 1k and  1l and  th e  NUHM 2 m odel w here NLO cross-sections were used [52, 66]. T he 
nom inal cross-sections and  th e  uncerta in ties were tak en  from  envelopes of cross-section p re­
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dictions using different P D F  sets and  facto riza tion  and  renorm alization  scales, as described 
in refs. [21, 57]. Typical p a ir-p roduction  cross-sections are: 4.7 ±  1.2 fb for gluinos w ith  a 
m ass of 1 .7 TeV, 28 ±  4 fb  for b o tto m  squarks w ith  a m ass of 800 GeV, and 15.0 ±  2 .0 fb for 
dow n squark-righ ts w ith  a m ass of 800 GeV and  a gluino m ass of 2.0 TeV.
T he tw o d om inan t irreducible background processes are t iV  (w ith  V being a W  or 
Z / y * boson) and  diboson p roduc tion  w ith  final s ta tes  of four charged leptons - ,5 th ree  
charged leptons and  one neu trino , or tw o sam e-sign charged leptons and  tw o neutrinos. 
T he M C sim ulation sam ples for these are described in refs. [67] and  [62], respectively. For 
d iboson p roduction , th e  m atrix  elem ents con tain  th e  doubly  resonant d iboson processes 
and  all o th er d iagram s w ith  four or six electrow eak vertices, such as W ± W ± j j ,  w ith  one 
(W ± W ± j j ) or tw o (W Z , Z Z ) e x tra  partons. NLO cross-sections for t iW , W Z /y * (^  - - ) ,6 
and  leptonic d iboson processes are respectively  0.60 pb  [60], 0.12 pb  and  6.0 pb [62]. T he 
processes t iH  and  4t, w ith  NLO cross-sections of 507.1 fb [60] and  9.2 fb [48] respectively, 
are also considered.
O th er background processes, w ith  sm all cross-sections and no significant co n tribu tion  
to  any of th e  signal regions, are  grouped  in to  a category  labelled “ra re” . T his ca tegory  
contains t iW W  and t iW Z  events generated  w ith  no ex tra  p a r to n  in th e  m a trix  elem ent, 
and  t Z , tW Z , t t i ,  W H  and Z H  as well as triboson  (W W W , W W Z , W Z Z  and  Z Z Z ) 
p rod u c tio n  w ith  fully leptonic decays, leading to  up  to  six charged leptons. T he processes 
W W W , W Z Z  and  Z Z Z  were generated  a t NLO w ith  add itional LO m atrix  elem ents for 
up  to  tw o ex tra  partons, while W W Z  was generated  a t LO w ith  up  to  tw o ex tra  partons.
4  E v e n t  r e c o n s t r u c t i o n  a n d  s e l e c t i o n
C an d id a te  events are required  to  have a reconstructed  vertex  [69] w ith  a t least tw o associ­
a ted  tracks w ith  p T >  400 MeV. T he vertex  w ith  th e  largest SpT  of th e  associa ted  tracks 
is chosen as th e  p rim ary  vertex  of th e  event.
For th e  d a ta-d riv en  background estim ations, tw o categories of electrons and  m uons 
are used: “can d id a te” and  “signal” w ith  th e  la tte r  being a subset of th e  “can d id a te” 
leptons satisfy ing tig h te r  selection crite ria . E lec tron  cand ida tes are reconstructed  from 
energy depositions in th e  electrom agnetic  ca lo rim eter w hich were m atched  to  an  ID track  
and  are required  to  have |n| <  2.47, p T >  10 GeV, and  pass th e  “Loose” likelihood-based 
identification  requirem ent [70]. C and idates w ith in  th e  tran s itio n  region betw een th e  barrel 
and  endcap  electrom agnetic  calorim eters, 1.37 <  |n| <  1.52, are no t considered. T he track  
m atched  w ith  th e  electron m ust have a significance of th e  transverse  im pact p a ram ete r do 
w ith  respect to  th e  reconstructed  p rim ary  vertex  of |d0 |/ a ( d 0) <  5. M uon cand ida tes are 
reconstructed  in th e  region |n| <  2.5 from  m uon sp ec tro m eter tracks m atch ing  ID  tracks. 
All m uon cand ida tes m ust have p T >  10 GeV and m ust pass th e  “M edium ” identification 
requirem ents [71].
Je ts  are  reconstructed  w ith  th e  an ti-k t algorithm  [72] w ith  rad ius p a ram ete r R  =  0.4, 
using three-d im ensional topological energy clusters in th e  calo rim eter [73] as inpu t. All je ts
5 All lepton flavours are included here and t  leptons subsequently decay leptonically or hadronically.
6This cross-section is computed using the configuration described in refs. [48, 68].
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m ust have px >  20 GeV and  |n| <  2.8. For all je ts  th e  expected  average energy co n trib u tio n  
from  pile-up is su b trac ted  according to  th e  je t  a rea  [74, 75]. Je ts  are th en  ca lib ra ted  as 
described in ref. [75]. In  o rder to  reduce th e  effects of pile-up, a significant fraction  of the  
tracks in je ts  w ith  px  <  60 GeV and  |n| <  2.4 m ust o rig inate  from  th e  p rim ary  vertex , as 
defined by th e  je t  vertex  tagger (JV T ) [76].
Identification  of je ts  con tain ing  b-hadrons (b-tagging) is perform ed w ith  th e  M V2c10 
algorithm , a m u ltivaria te  d iscrim inan t m aking use of track  im pact p aram eters  and  recon­
stru c ted  secondary vertices [77, 78]. A requirem ent is chosen corresponding  to  a 70% 
average efficiency for tagging  b-jets in sim ulated  t i  events. T he re jection  factors for light- 
q u a rk /g lu o n  je ts , c-quark  je ts  and  t  ^  v +  h ad ron  decays in sim ulated  t t  events are 
approx im ate ly  380, 12 and  54, respectively  [78, 79]. Je ts  w ith  |n| <  2.5 w hich satisfy  the  
b-tagging and  JV T  requirem ents are identified as b-jets. C orrection  factors and  u n ce rta in ­
ties determ ined  from  d a ta  for th e  b-tagging efficiencies and  m is-tag  ra te s  are applied to  th e  
sim ulated  sam ples [78].
A fter th e  ob ject identification, overlaps betw een th e  different ob jects are resolved. Any 
je t  w ith in  a d istance A R y =  ^ / (A y )2 +  (A ^ )2 =  0.2 of a lep ton  can d id a te  is d iscarded, 
unless th e  je t is b-tagged,7 in w hich case th e  lep ton  is d iscarded  since it p robab ly  o rig inated  
from  a sem ileptonic b-hadron decay. Any rem ain ing  lep ton  w ith in  A R y =  m in{0.4, 0.1 +  
9.6 G eV /p x (-)} of a je t is d iscarded. In  th e  case of m uons, th e  m uon is re ta ined  and  th e  
je t  is d iscarded  if th e  je t  has fewer th a n  th ree  associa ted  tracks. T his reduces inefficiencies 
for high-energy m uons undergoing significant energy loss in th e  calorim eter.
Signal electrons m ust satisfy  th e  “M edium ” likelihood-based identification require­
m ent [70]. In  regions w ith  large am ounts of m ateria l in th e  tracker, an  electron (positron) 
is m ore likely to  em it a h ard  b rem sstrah lung  photon; if th e  pho ton  subsequently  converts to  
an  asym m etric  elec tron-positron  pair, and  th e  positron  (electron) has high m om entum  and 
is reconstructed , th e  lep ton  charge can  be m isidentified (la te r referred to  as “charge-flip” ). 
To reduce th e  im pact of charge m isidentification, signal electrons m ust satisfy |n| <  2.0. 
F urtherm ore , signal electrons th a t  are likely to  be reconstructed  w ith  an  incorrect charge 
assignm ent are rejected  using th e  electron  c luster and  track  properties including th e  im pact 
param eter, th e  cu rv a tu re  significance, th e  c lu ster w id th , and  th e  quality  of th e  m atching  
betw een th e  c lu ster and  its associated  track , in te rm s of b o th  energy and  position . These 
variables, as well as th e  electron p x and  n, are com bined in to  a single classifier using a 
boosted  decision tree  (B D T ) algorithm . A selection requirem ent on th e  B D T  o u tp u t is 
chosen to  achieve a re jection  facto r of 7-8 for electrons w ith  a w rong charge assignm ent 
while selecting correctly  m easured electrons w ith  an  efficiency of 97%. C orrection  factors 
to  account for differences in th e  selection efficiency betw een d a ta  and  M C sim ulation  are 
applied  to  th e  selected electrons in M C sim ulation . T hese correction  factors are determ ined  
using Z  ^  ee events [80].
Signal m uons m ust fulfil th e  requirem ent |d0 | / a ( d 0) <  3. Tracks associa ted  w ith  the  
signal electrons or m uons m ust have a longitud inal im pact p a ram eter z0 w ith  respect to  
th e  reconstructed  p rim ary  vertex  satisfying |z0 sin d\ <  0.5 mm. Iso lation  requirem ents are
7In this case the b-tagging operating point corresponding to an efficiency of 85% is used.
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applied  to  b o th  th e  signal electrons and  m uons. T he scalar sum  of th e  p T of tracks w ith in  
a variable-size cone around  th e  lepton, excluding its own track , m ust be less th a n  6% of 
th e  lep ton  p T .
T he track  isolation cone size for electrons (m uons) A R n =  y /(A n )2 +  (A ^ )2 is given by 
th e  sm aller of A R n =  10 G eV /p T and  A R n =  0.2 (0.3). In  add ition , in th e  case of electrons 
th e  ca lo rim eter energy clusters in a cone of A R n =  0.2 a round  th e  electron  (excluding th e  
deposit from  th e  electron itself) m ust be less th a n  6% of th e  electron  p T . S im ulated events 
are corrected  to  account for differences in th e  lep ton  trigger, reconstruction , identification 
and  isolation efficiencies betw een d a ta  and MC sim ulation.
T he m issing transverse  m om entum  is defined as th e  negative vector sum  of th e  tra n s ­
verse m om enta of all identified can d id a te  ob jects (electrons, pho tons [81], m uons and  je ts) 
and  an add itional soft te rm . T he soft te rm  is co n stru c ted  from  all tracks associa ted  w ith  
th e  p rim ary  vertex  b u t no t w ith  any physics ob ject. In  th is  way, th e  Em iss is ad ju sted  for 
th e  best ca lib ra tion  of th e  je ts  and  th e  o th er identified physics ob jects listed above, while 
m ain ta in ing  approx im ate  pile-up independence in th e  soft te rm  [82, 83].
E vents are selected using a com bination  of d ilep ton  and  Em iss triggers, th e  la t te r  being 
used only for events w ith  Em iss >  250 GeV. T he trigger-level requirem ents on Em iss and  th e  
leading and  subleading lep ton  pT are looser th a n  those applied offline to  ensure th a t  trigger 
efficiencies are co n stan t in th e  relevant phase space. T he event selection requires a t least 
tw o signal leptons w ith  p T >  20 GeV (a p a rt from  tw o signal regions w here th e  lower bound 
on th e  subleading lep ton  p T is 10 G eV ).8 If  th e  event contains exactly  tw o signal leptons, 
th ey  m ust have th e  sam e electric charge. In  o rder to  reject d e tec to r noise and non-collision 
backgrounds (including those from  cosm ic rays, beam -gas and  beam -halo  in teractions), 
events are d iscarded  if th ey  con tain  any je t no t satisfy ing basic quality  c rite ria  [84, 85].
To m axim ize th e  sensitiv ity  to  th e  signal m odels of figure 1, 19 non-exclusive9 signal 
regions (SRs) are defined in tab le  2 . T he SRs are nam ed in th e  form  S N L M b X , w here S 
ind icates if th e  signal region is ta rg e tin g  an  R P C  or R P V  m odel, N  ind icates th e  num ber 
of leptons required, M  th e  num ber of b-jets required , and  X  ind icates th e  severity  of th e  
E m iss or m eff requirem ents (Soft, M edium  or H ard). All signal regions, except Rpv2L0b, 
allow any num ber of add itional leptons in ad d itio n  to  a e± e± , e± p ±  or pair. Signal
regions w ith  a th ree  lep ton  selection can  e ith e r require any lep ton  charge com bination  
(R pc3L0bH , R pc3L0bS) or th a t  all th ree  leptons have th e  sam e charge (R pc3LSS1b). T he 
o th e r requirem ents used to  define th e  SRs are th e  num ber of signal leptons (N ^p^iL ), 
num ber of b-jets w ith  p T >  20 GeV (N b-jets), num ber of je ts  w ith  p T above 25, 40 or 
5 0 GeV, regardless of th e ir flavour (N jets), Em iss, th e  effective m ass (m eff) and  th e  charge 
of th e  signal leptons. T he m eff variable is defined as th e  scalar sum  of th e  p T of th e  
signal leptons, je ts  and  th e  Em iss. For SRs w here th e  Z  + je ts  background is im p o rtan t 
(R pc3LSS1b, R pv2L0b and  R pv2L2bH ), events in which th e  invarian t m ass of tw o sam e- 
sign electrons is close to  th e  Z  boson m ass are vetoed. For SRs ta rg e tin g  th e  p roduc tion  
of dow n squark  pairs (Rpv2L1bS, Rpv2L2bS, R pv2L1bM ), only events w ith  a t least two
8To ensure that the trigger efficiency is constant for selected events where the subleading lepton pT lies 
between 10 and 20 GeV only the E™lss trigger is used in this case.
9Each signal region partially overlaps with at least one other signal region.
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Signal reg ion N signalleptons N b-jets N jets
piet
p T
[GeV]
zpmissE t
[GeV]
meff
[GeV]
Em iss/m eff O th e r T a rg e ted
Signal
R pc2L 2bS >  2SS >  2 >  6 >  25 >  200 >  600 >  0.25 — F ig u re  1a
R pc2L 2bH >  2SS >  2 >  6 >  25 — >  1800 >  0.15 — F ig u re  1a , N U H M 2
R pc2L so ft1b >  2SS >  1 >  6 >  25 >  100 — >  0.3 20,10 < p T  ,pT2 <  100 G eV F ig u re  1b
R pc2L so ft2b >  2SS >  2 >  6 >  25 >  200 >  600 >  0.25 20,10 < p T  ,pT2 <  100 G eV F ig u re  1b
R pc2L 0bS >  2SS =  0 >  6 >  25 >  150 — >  0.25 — F ig u re  1c
R pc2L 0bH >  2SS =  0 >  6 >  40 >  250 >  900 — — F ig u re  1c
R pc3L 0bS >  3 =  0 >  4 >  40 >  200 >  600 — — F ig u re  1d
R pc3L 0bH >  3 =  0 >  4 >  40 >  200 >  1600 — — F ig u re  1d
R pc3L 1bS >  3 >  1 >  4 >  40 >  200 >  600 — — O th e r
R pc3L 1bH >  3 >  1 >  4 >  40 >  200 >  1600 — — O th e r
R pc2L 1bS >  2SS >  1 >  6 >  25 >  150 >  600 >  0.25 — F ig u re  1e
R pc2L 1bH >  2SS >  1 >  6 >  25 >  250 — >  0.2 — F ig u re  1e
R pc3L SS 1b >  £±£±£± >  1 — — — — — v eto  8 1 < m e± e± < 101  G eV F ig u re  1f
R pv2L 1bH >  2SS >  1 >  6 >  50 — >  2200 — — F ig u res  1g, 1h
R pv2L 0b =  2SS =  0 >  6 >  40 — >  1800 — v e to  8 1 < m e± e± < 101  G eV F ig u re  1i
R pv2L 2bH >  2SS >  2 >  6 >  40 — >  2000 — v e to  81< m e± e±  < 101  G eV F ig u re  1j
R pv2L 2bS >  £-£~ >  2 >  3 >  50 — >  1200 — — F ig u re  1k
R pv2L 1bS >  £ r£ - >  1 >  4 >  50 — >  1200 — — F ig u re  1l
R pv2L 1bM >  £ r£ - >  1 >  4 >  50 — >  1800 — — F ig u re  1l
T ab le  2. Summary of the signal region definitions. Unless explicitly stated in the table, at least 
two signal leptons with p T >20 GeV and same charge (SS) are required in each signal region. 
Requirements are placed on the number of signal leptons (N ito n s ), the number of b-jets with pT > 
20 GeV (N&qets), the number of jets (Njets) above a certain p T threshold (pT*), £ q lss, m eff and/or 
Emlss/m eff. The last column indicates the targeted signal model. The Rpc3L1b and Rpc3L1bH 
SRs are not motivated by a particular signal model and can be seen as a natural extension of the 
Rpc3L0b SRs with the same kinematic selections but requiring at least one b-jet.
negatively  charged leptons are considered, as th e  dow n squarks decay exclusively to  top  
an tiquarks. F inally, SRs ta rg e tin g  signal scenarios w ith  lep ton  pT sp ec tra  softer th a n  
typ ical background processes im pose an  u p p er bound  on th e  lep to n s’ p T . T he last colum n 
of tab le  2 indicates th e  ta rg e ted  signal m odel. T he R pc3L 1b and R pc3L 1bH  SRs are 
no t m otiva ted  by a p a rticu la r signal m odel and  can  be seen as a n a tu ra l extension of th e  
R pc3L0b SRs w ith  th e  sam e k inem atic  selections b u t requiring  a t least one b-jet.
T he values of acceptance tim es efficiency of th e  SR selections for th e  R P C  SUSY 
signal m odels, w ith  m asses near th e  exclusion lim it, typ ically  range betw een 0.5% and  7% 
for m odels w ith  a light X° and  betw een 0.5 and  2% for m odels w ith  a heavy X?. For R P V  
SUSY signal m odels, these values are in th e  range 0.2-4%. To increase th e  signal efficiency 
for th e  SUSY m odels w ith  low-energy leptons (figure 1b) , th e  p T th resho ld  of leptons is 
relaxed from  20 GeV to  10 GeV in th e  SR definition.
5 B a c k g r o u n d  e s t i m a t i o n
Tw o m ain  sources of SM background can  be d istinguished  in th is analysis. T he first 
ca tegory  is th e  reducible background, which includes events con tain ing  electrons w ith  mis- 
m easured charge, m ainly  from  th e  p roduc tion  of to p  q u ark  pairs, and  events contain ing
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a t least one fake or non-prom pt (F N P ) lepton. T he F N P  lep ton  m ainly  orig inates from  
heavy-flavour h ad ron  decays in events con tain ing  to p  quarks, or W  or Z  bosons. H adrons 
m isidentified as leptons, electrons from  p h o ton  conversions and  leptons from  pion or kaon 
decays in flight are o th e r possible sources. D a ta -d riven  m ethods used for th e  estim atio n  of 
th is  reducible background in th e  signal and  validation  regions are described in section 5.1.
T he second background ca tegory  is th e  irreducible background from  events w ith  two 
sam e-sign p ro m p t leptons or a t least th ree  p rom pt leptons and  is es tim ated  using th e  MC 
sim ulation  sam ples. Since diboson and  t t V  events are th e  m ain  irreducible backgrounds in 
th e  signal regions, ded ica ted  validation  regions (VR) w ith  an  enhanced  co n trib u tio n  from 
these processes, and  sm all signal con tam ination , are defined to  verify th e  background p re­
d ictions from  th e  sim ulation  (section 5.2) . Section 5.3 discusses th e  system atic  uncerta in ties 
considered w hen perform ing th e  background estim atio n  in th e  signal and  validation  regions.
5 .1  R e d u c ib le  b a c k g r o u n d  e s t im a t io n  m e th o d s
C harge m isidentification is only relevant for electrons. T he co n trib u tio n  of charge-flip 
events to  th e  S R /V R  is es tim ated  using th e  d a ta . T h e  electron charge-flip p robab ility  
is ex trac ted  in a Z / y * ^  ee d a ta  sam ple using a likelihood fit which takes as in p u t th e  
num bers of sam e-sign and  opposite-sign electron pairs observed in a w indow of 10 GeV 
around  th e  Z  boson m ass. T he charge-flip p robab ility  is a free p a ram ete r of th e  fit and 
is ex trac ted  as a function  of th e  electron p T and  p. T hese probabilities are a round  0.5% 
(1%) and  0.1% (0.2%) for th e  can d id a te  and  signal electrons for |n| <  1.37 (|n | >  1.52), 
respectively. T he form er is used only in th e  F N P  lep ton  background estim ation . T he event 
yield of th e  charge-flip electron background in th e  signal or validation  regions is ob ta ined  
by m ultip ly ing  th e  m easured charge-flip p robab ility  w ith  th e  num ber of events in d a ta  
regions w ith  th e  sam e k inem atic  requirem ents as th e  signal or validation  regions b u t w ith  
opposite-sign lep ton  pairs.
Two d a ta-d riv en  m ethods are used to  es tim ate  th e  F N P  lep ton  background, referred 
to  as th e  “m a trix  m e th o d ” and th e  “M C tem p la te  m eth o d ” . T he estim ates from  these 
m ethods are com bined to  give th e  final estim ate . T hese tw o m ethods are described below.
T he first estim ation  of th e  F N P  lep ton  background is perform ed w ith  a m a trix  m ethod  
sim ilar to  th a t  described in ref. [86]. Tw o types of lep ton  identification  crite ria  are defined: 
“tig h t” , corresponding  to  th e  signal lep ton  crite ria  described in section 4 , and  “loose” , 
corresponding  to  can d id a te  leptons a fte r ob ject overlap removal and  th e  charge-flip B D T  
selection described also in section 4 . T he m a trix  m ethod  re la tes th e  num ber of events 
con tain ing  p rom pt or F N P  leptons to  th e  num ber of observed events w ith  tig h t or loose- 
no t-tig h t leptons using th e  p robab ility  for loose p rom pt or F N P  leptons to  satisfy th e  tig h t 
crite ria . T he p robab ility  for loose p rom pt lep tons to  satisfy th e  tig h t selection crite ria  (e) 
is ob ta ined  using a Z / y * ^  - -  d a ta  sam ple and  is m odelled as a function  of th e  lep ton  p T 
and  n. T he efficiencies for electrons (m uons) rise from  60% (80%) a t low pT to  alm ost 100% 
a t p t  above 50 GeV —  ap a rt from  endcap  electrons, for w hich th ey  reach only 95%. T he 
probab ility  for loose F N P  leptons to  satisfy th e  tig h t selection crite ria  (F N P  lep ton  ra te , 
f ) is determ ined  from  d a ta  in SS control regions enriched in non-prom pt leptons m ostly  
o rig inating  from  heavy-flavour hadron  decays in single-lepton t i  events. These regions
- 10 -
JH
E
P
09(2017)084
con ta in  events w ith  a t least one b-jet, one well-isolated m uon (referred to  as th e  “ta g ” ), 
and  an  add itional loose electron  or m uon which is used for th e  m easurem ent. T he ra tes 
f  are m easured as a function  of px  afte r su b trac tin g  th e  sm all co n trib u tio n  from  prom pt- 
lep ton  processes p red ic ted  by sim ulation  and  th e  d a ta-d riv en  estim atio n  of events w ith  
electron  charge-flip .10 For electrons, and  m uons w ith  |n| <  2.3, f  is co n stan t a t around 
10% for pT <  30 GeV (20% for m uons w ith  |n| >  2.3) and  increases a t h igher p T . W ith  
these values of e and  f , th e  m ethod  has been d em o n stra ted  to  correctly  es tim ate  th e  F N P  
lep ton  background.
T he second m ethod  for F N P  lep ton  estim atio n  is th e  MC tem p la te  m ethod  described 
in details in refs. [86, 87]. I t  relies on th e  correct m odelling of th e  k inem atic  d is trib u tio n s 
of th e  F N P  leptons and  charge-flipped electron  processes in t t  and  V + je ts  sam ples. These 
sam ples were sim ulated  w ith  th e  P o w h e g - B o x  g enera to r [88- 91] and  th e  p a rto n  shower 
and  had ron ization  perform ed by e ith er P y t h i a  6.428 [92] (tf) or P y t h i a  8.186 (V  + je ts ). 
T he F N P  leptons are classified in five categories, nam ely  electrons and  m uons orig inating  
from  b- and  ligh t-quark  je ts  as well as electrons from  pho ton  conversions. N orm alization  
factors for each of th e  five sources are ad ju sted  to  m atch  th e  observed d a ta  in ded icated  
control regions. E vents are selected w ith  a t least tw o sam e-sign signal leptons, EXpiss >  
40 GeV, tw o or m ore je ts , and  are required  no t to  belong to  th e  SRs. T hey  are fu rth e r 
sp lit in to  regions w ith  or w ith o u t b-jets and  w ith  different lep ton  flavours of th e  sam e-sign 
lep ton  pair, giving a to ta l of six control regions. T he global norm aliza tion  factors applied 
to  th e  M C sam ples for es tim atin g  th e  reducible background in each SR vary  from  1.2 ±  1.1 
to  2.9 ±  2.0, w here th e  errors account for s ta tis tica l uncerta in ties and  uncerta in ties  re la ted  
to  th e  choice of event g en era to r (see section 5.3) .
Since th e  F N P  lep ton  predictions from  th e  M C tem p la te  and  m a trix  m ethods in th e  
signal and  validation  regions are consisten t w ith  each o ther, a w eighted average of th e  
tw o resu lts is used. W ith  th is  approach , th e  com bined estim ate  is always dom inated  by 
system atic  uncerta in ties, w hich is no t always th e  case w hen only th e  m a trix  m ethod  is used 
due to  sm all num ber of events in th e  control regions. To check th e  valid ity  and  robustness 
of th e  F N P  lep ton  estim ate , th e  d istrib u tio n s of several d iscrim inating  variables in d a ta  
are com pared  w ith  th e  p red ic ted  background a fte r various requirem ents on th e  num ber of 
je ts  and b-jets. E xam ples of such d istrib u tio n s are  shown in figure 2 , and  illu s tra te  th a t  
th e  d a ta  are described by th e  p red ic tion  w ith in  uncerta in ties. T he ap p a ren t d isagreem ent 
for m eff above 1 TeV in figure 2d is covered by th e  large th eo ry  u n ce rta in ty  for th e  d iboson 
background, which is no t shown b u t am ounts to  ab o u t 30% for m eff above 1 TeV.
5 .2  V a l id a t io n  o f  i r r e d u c ib le  b a c k g r o u n d  e s t im a te s
D edicated  validation  regions are defined to  verify th e  estim ate  of th e  t fV , W Z  and  W ± W ±  
background in th e  signal regions. T he corresponding  selections are sum m arized in tab le  3 . 
T he overlap w ith  th e  signal regions is resolved by rem oving events th a t  are selected in th e  
signal regions. T he p u rity  of th e  ta rg e ted  background processes in these regions ranges 
from  35% to  65%. T he expected  signal co n tam in atio n  is generally  below 5% for m odels near
10For muons with pT < 20 GeV, f  is parameterized as a function of pT and r/.
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Figure 2. Distributions of (a) the number of jets, (b) the number of b-tagged jets and (c), (d) 
the effective mass. The distributions are made after requiring at least two jets (pT > 40 GeV) 
and Emiss > 50 GeV, as well as at least two same-sign leptons (a, b, c) or three leptons (d). The 
uncertainty bands include the statistical uncertainties for the background prediction as well as the 
systematic uncertainties for fake- or non-prompt-lepton backgrounds (using the m atrix method) 
and charge-flip electrons. Not included are theoretical uncertainties in the irreducible background 
contributions. The rare category is defined in the text.
the limit of exclusion in t tZ , W Z  and W ± W ± VRs and about 20% in the t tW  VR. The 
observed yields, compared with the background predictions and uncertainties, are shown 
in table 4. There is good agreement between data and the estimated background in all the 
validation regions.
5 .3  S y s te m a t ic  u n c e r ta in t ie s
Statistical uncertainties due to the number of data events in the loose and tight lepton 
control regions are considered in the FNP lepton background estimate. In the matrix 
method, the systematic uncertainties mainly come from potentially different compositions 
of 6-jets, light-quark jets and photon conversions between the signal regions and the regions 
where the FNP lepton rates are measured. The uncertainty coming from the prompt-lepton 
contamination in the FNP lepton control regions is also considered. Overall, the uncertainty 
in the FNP lepton rate f  amounts to 30% at low pT, and can reach 85% for muons with
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Validation
Region
N signal 
leptons N b-jets Njets
jet
pT
[GeV]
zpmissE t
[GeV]
meff
[GeV]
O ther
ttW =  2SS >  1 >  4 (e±e± , e±p±) 
>  3 (p± p± )
>  40
>  25
>  45 >  550 pT2 >  40 GeV
E p T jet/ E p T t >  0.25
ttZ >  3
>  1 SFOS pair
>  1 >  3 >  35 — >  450 81 <  m sFos <  101 GeV
WZ4j =  3 =  0 >  4 >  25 — >  450 Elpiss/  E  pT <  0.7
WZ5j =  3 =  0 >  5 >  25 — >  450 e ^ / E p T  <  0.7
W  ± W  ± j j =  2SS =  0 >  2 >  50 >  55 >  650 veto 81 <  m e±e± <  101 GeV 
pT2 >  30 GeV 
A R n (-i,2 ,j)  >  0.7 
A R n (-i,-2 ) >  1.3
All VRs Veto events belonging to  any SR
T ab le  3. Summary of the event selection in the validation regions (VRs). Requirements are placed 
on the number of signal leptons (N^pnO^), the number of b-jets with p T > 20 GeV (Nb-jets) or the 
number of jets (Njets) above a certain p T threshold (p ^ ) . The two leading-pT leptons are referred 
to as - 1,2 with decreasing p T. Additional requirements are set on Emiss, m eff, the invariant mass of 
the two leading electrons m e±e± , the presence of SS leptons or a pair of same-flavour opposite-sign 
leptons (SFOS) and its invariant mass msFos. A minimum angular separation between the leptons 
and the jets (ARn(-1 ,2, j) )  and between the two leptons (A Rn(-1 , - 2)) is imposed in the W ± W ± jj 
VR. For the two W Z  VRs the selection also relies on the ratio of the Emiss in the event to the sum 
of p T of all signal leptons p T (Emiss/X) pT)  The ratio of the scalar sum of the p T of all b-jets to 
th a t of all jets in the event p T ^ V S p T ^ ) is used in the ttW  VR selection.
Validation Region ttW ttZ W Z 4j W Z 5j W ±W  ± j j
ttZ/Y* 6.2 ±  0.9 123 ±  17 17.8 ±  3.5 10.1 ±  2.3 1.06 ±  0.22
ttW 19.0 ±  2.9 1.71 ±  0.27 1.30 ±  0.32 0.45 ±  0.14 4.1 ±  0.8
ttH 5.8 ±  1.2 3.6 ±  1.8 1.8 ±  0.6 0.96 ±  0.34 0.69 ±  0.14
4t 1.02 ±  0.22 0.27 ±  0.14 0.04 ±  0.02 0.03 ±  0.02 0.03 ±  0.02
W ±W  ± 0.5 ±  0.4 — — — 26 ±  14
W Z 1.4 ±  0.8 29 ±  17 200 ±  110 70 ±  40 27 ±  14
Z Z 0.04 ±  0.03 5.5 ±  3.1 22 ±  12 9 ±  5 0.53 ±  0.30
Rare 2.2 ±  0.5 26 ±  13 7.3 ±  2.1 3.0 ±  1.0 1.8 ±  0.5
Fake/non-prompt leptons 18 ±  16 22 ±  14 49 ±  31 17 ±  12 13 ±  10
Charge-flip electrons 3.4 ±  0.5 — — — 1.74 ±  0.22
Total SM background 57 ±  16 212 ±  35 300 ±  130 110 ±  50 77 ±  31
Observed 71 209 257 106 99
T ab le  4. The numbers of observed data and expected background events in the validation regions. 
The rare category is defined in the text. Background categories with yields shown as “- ” do not 
contribute to a given region (e.g. charge flips in three-lepton regions) or their estimates are below 
0.01 events. The displayed yields include all statistical and systematic uncertainties described in 
section 5.3.
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p T > 40 GeV, and 50% for electrons w ith  p T > 20 GeV; these values are driven  respectively 
by th e  dependency  of th e  isolation of non-prom pt m uons on th e  k inem atic  p roperties  of 
th e  je ts  w hich em it them , and  th e  u n ce rta in ty  in th e  p ro p o rtio n  of non-prom pt electrons 
from  heavy-flavoured h ad ron  decays w ith  respect to  o th er sources of F N P  electrons (m ainly 
converted  pho tons). T he uncerta in ties in th e  p ro m p t-lep to n  efficiency e are m uch sm aller. 
T he uncerta in ties  in th e  F N P  lep ton  background es tim ated  w ith  th e  m a trix  m ethod  in 
each V R  and SR are th en  evaluated  by p rop ag atin g  th e  f  and  e uncerta in ties. In  the  
M C  tem p la te  m ethod , th e  system atic  u n ce rta in ty  is ob ta ined  by changing th e  g enera to r 
from  P o w h e g - B o x  to  S h e r p a  and  p rop ag atin g  uncerta in ties from  th e  contro l region fit 
to  th e  global norm aliza tion  scale factors applied  to  th e  M C  sam ples. T he uncerta in ties in 
these scale factors are in th e  range 75-80% , depending  on th e  SRs. W hen com bining the  
resu lts of th e  M C tem p la te  m ethod  and  th e  m atrix  m ethod  to  o b ta in  th e  final estim ate , 
system atic  uncerta in ties are  p ropagated  assum ing conservatively a full co rrelation  betw een 
th e  tw o m ethods.
T he u n ce rta in ty  in th e  electron  charge-flip p robab ility  m ainly  orig inates from  th e  num ­
ber of events in th e  regions used in th e  charge-flip p robab ility  m easurem ent and  th e  uncer­
ta in ty  re la ted  to  th e  background su b trac tio n  from  th e  Z  boson’s m ass peak. T he relative 
erro r in th e  charge-flip ra te  is below 20% (30%) for signal (cand idate) electrons w ith  p T 
above 20 GeV.
T he system atic  uncerta in ties  re la ted  to  th e  es tim ated  background from  sam e-sign 
p ro m p t leptons arise from  th e  experim ental uncerta in ties (jet energy scale ca lib ra tion , je t 
energy reso lu tion  and  b-tagging efficiency) as well as theo re tica l m odelling and  theo re tica l 
cross-section uncertain ties. T he s ta tis tica l u n ce rta in ty  of th e  sim ulated  event sam ples is 
also tak en  in to  account.
T he cross-sections used to  norm alize th e  M C sam ples are varied according to  th e  uncer­
ta in ty  in th e  cross-section calcu lation , w hich is 13% for t t W , 12% for t t  Z  p roduc tion  [60], 
6% for d iboson p ro d u c tio n  [62], 8% for t tH  [60] and  30% for 4t [48]. A dditional un ce rta in ­
ties are  assigned to  som e of these backgrounds to  account for th e  theo re tica l m odelling of 
th e  k inem atic  d is trib u tio n s in th e  MC sim ulation . For t t W  and  t t Z , th e  pred ic tions from  
th e  M G 5 _ aM C @ N L O  and S h e r p a  generato rs are com pared, and  th e  renorm alization  and 
facto riza tion  scales used to  generate  these sam ples are varied independen tly  w ith in  a fac­
to r  of two, leading to  a 15-35%  u n ce rta in ty  in th e  expected SR yields for these processes. 
For d iboson p roduction , uncerta in ties are es tim ated  by varying th e  QCD and  m atch ing  
scales, as well as th e  p a rto n  shower recoil scheme, leading to  a 30-40%  u n ce rta in ty  for 
these processes a fte r th e  SR selections. For t t H , 4t and  rare  p rod u c tio n  processes, a 50% 
un ce rta in ty  in th e ir  to ta l co n trib u tio n  is assigned.
6  R e s u l t s  a n d  i n t e r p r e t a t i o n
F igure 3a shows th e  event yields for d a ta  and  th e  expected  background con tribu tions in 
all signal regions. D etailed  inform ation  ab o u t th e  yields can  be found in tab le  5 . In  all 19 
SRs th e  num ber of observed d a ta  events is consisten t w ith  th e  expected  background w ith in  
th e  uncerta in ties. T he con tribu tions listed in th e  ra re  category  are dom inated  by triboson ,
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Figure 3. Comparison of (a) the observed and expected event yields in each signal region and 
(b) the relative uncertainties in the total background yield estimate. For the latter, “statistical 
uncertainty” corresponds to reducible and irreducible background statistical uncertainties. The 
background predictions correspond to those presented in table 5 and the rare category is explained 
in the text.
tW Z and t tW W  production:11 the triboson processes generally dominate in the SRs with 
no b-jets, while tW Z and t tW W  dominate in the SRs with one and two b-jets, respectively.
Figure 3b summarizes the contributions from the different sources of systematic un­
certainty to the total SM background predictions in the signal regions. The uncertainties 
amount to 25-50% of the total background depending on the signal region, dominated by 
systematic uncertainties coming from the reducible background or the theory.
In the absence of any significant deviation from the SM predictions, upper limits on 
possible BSM contributions to the signal regions are derived, as well as exclusion limits
11 Contributions from W H , Z H , tZ  and t t t  production never represent more than  20% of the rare back­
ground.
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Signal Region R p c 2 L 2 b S R p c 2 L 2 b H R p c 2 L s o f t1 b R p c 2 L s o f t2 b R p c 2 L 0 b S R p c 2 L 0 b H
t t W , ttZy* 1.6 ±  0.4 0.44 ±  0.14 1.3 ±  0.4 1.21 ±  0.33 0.82 ±  0.31 0.20 ±  0.10
t tH 0.43 ±  0.25 0.10 ±  0.06 0.45 ±  0.24 0.36 ±  0.21 0.27 ±  0.15 0.08 ±  0.07
4t 0.26 ±  0.13 0.18 ±  0.09 0.09 ±  0.05 0.21 ±  0.11 0.01 ±  0.01 0.02 ±  0.02
D iboson 0.10 ±  0.10 0.04 ±  0.02 0.17 ±  0.09 0.05 ±  0.03 3.1 ±  1.4 1.0 ±  0.5
R are 0.33 ±  0.18 0.15 ±  0.09 0.18 ±  0.10 0.17 ±  0.10 0.19 ±  0.11 0.17 ±  0.10
F ak e /n o n -p ro m p t leptons 0.5 ±  0.6 0.15 ±  0.15 3.5 ±  2.4 1.7 ±  1.5 1.6 ±  1.0 0.9 ±  0.9
C harge-flip electrons 0.10 ±  0.01 0.02 ±  0.01 0.08 ±  0.02 0.08 ±  0.02 0.05 ±  0.01 0.01 ±  0.01
T otal B ackground 3.3 ±  1.0 1.08 ±  0.32 5.8 ±  2.5 3.8 ±  1.6 6.0 ±  1.8 2.4 ±  1.0
O bserved 3 0 4 5 7 3
s 95
S obs 5.5 3.6 6.3 7.7 8.3 6.1
S°5 5 6+2,2 5 —1.5 3 9+1.4 3 .9—0.4
7 1 +2.5 
7.1 —1.5 6 2+2.6 6 .2 —1.5
7 5+2.6 
7.5—1.8
5 3+2.1
5.3 —1.3
a vis [fb] 0.15 0.10 0.17 0.21 0.23 0.17
po (Z) 0.71 (-) 0.91 (-) 0.69 (-) 0.30 (0.5a) 0.36 (0.4a) 0.35 (0.4a)
S ignal Region R p c 3 L 0 b S R p c 3 L 0 b H R p c 3 L 1 b S R p c 3 L 1 b H R p c 2 L 1 b S R p c 2 L 1 b H R p c 3 L S S 1 b
t t W , ttZy* 0.98 ±  0.25 0.18 ±  0.08 7.1 ±  1.1 1.54 ±  0.28 4.0 ±  1.0 4.0 ±  0.9 —
ttH 0.12 ±  0.08 0.03 ±  0.02 1.4 ±  0.7 0.25 ±  0.14 1.3 ±  0.7 1.0 ±  0.6 0.22 ±  0.12
4t 0.02 ±  0.01 0.01 ±  0.01 0.7 ±  0.4 0.28 ±  0.15 0.34 ±  0.17 0.54 ±  0.28 —
D iboson 8.9 ±  2.9 2.6 ±  0.8 1.4 ±  0.5 0.48 ±  0.17 0.5 ±  0.3 0.7 ±  0.3 —
R are 0.7 ±  0.4 0.29 ±  0.16 2.5 ±  1.3 0.9 ±  0.5 0.9 ±  0.5 1.0 ±  0.6 0.12 ±  0.07
F ak e /n o n -p ro m p t leptons 0.23 ±  0.23 0.15 ±  0.15 4.2 ±  3.1 0.5 ±  0.5 2.5 ±  2.2 2.3 ±  1.9 0.9 ±  0.7
C harge-flip electrons — — — — 0.25 ±  0.04 0.25 ±  0.05 0.39 ±  0.08
T otal B ackground 11.0 ±  3.0 3.3 ±  0.8 17 ±  4 3.9 ±  0.9 9.8 ±  2.9 9.8 ±  2.6 1.6 ±  0.8
O bserved 9 3 20 4 14 13 1
s 95
S obs 8.3 5.4 14.7 6.1 13.7 12.4 3.9
S°5 9.3+ 2.3
5 5+2.2
5 .5—1.5 12.6+3.4
5 9+2.2
5 .9—1.8 10.0+2.6 9 7+3.4 9 . 7 —2.6 4 0+ 1.8 4.0 —0.3
a vis [fb] 0.23 0.15 0.41 0.17 0.38 0.34 0.11
po (Z) 0.72 (-) 0.85 (-) 0.32 (0.5a) 0.46 (0.1a) 0.17 (1.0a) 0.21 (0.8a) 0.56 (-)
Signal Region R p v 2 L 1 b H R p v 2 L 0 b R p v 2 L 2 b H R p v 2 L 2 b S R p v 2 L 1 b S R p v 2 L 1 b M
ttW , ttZY* 0.56 ±  0.14 0.14 ±  0.08 0.56 ±  0.15 6.5 ±  1.3 10.1 ±  1.7 1.4 ±  0.5
t tH 0.07 ±  0.05 0.02 ±  0.02 0.12 ±  0.07 1.0 ±  0.5 1.9 ±  1.0 0.28 ±  0.15
4t 0.34 ±  0.17 0.01 ±  0.01 0.48 ±  0.24 1.6 ±  0.8 1.8 ±  0.9 0.53 ±  0.27
D iboson 0.14 ±  0.06 0.52 ±  0.21 0.04 ±  0.02 0.42 ±  0.16 1.7 ±  0.6 0.42 ±  0.15
R are 0.29 ±  0.17 0.10 ±  0.06 0.19 ±  0.13 1.5 ±  0.8 2.4 ±  1.2 0.8 ±  0.4
F ak e /non -p rom pt leptons 0.15 ±  0.15 0.18 ±  0.31 0.15 ±  0.15 8 ±  7 6 ±  6 1.3 ±  1.2
Charge-flip electrons 0.02 ±  0.01 0.03 ±  0.02 0.03 ±  0.01 0.46 ±  0.08 0.74 ±  0.12 0.10 ±  0.02
T otal B ackground 1.6 ±  0.4 1.0 ±  0.4 1.6 ±  0.5 19 ±  7 25 ±  7 4.8 ±  1.6
Observed 2 2 1 20 26 9
c95
S obs 4.8 5.2 3.9 17.5 18.1 11.4
S95 4 1+1.9 4 .1—0.4 4 0+1.7 4 .° —0.3 4 1+1.8 4.1—0.4 16.8+41
17 2+5.9 
17 .2—4.2
7 3+2.5 
7.3—1.8
a vis [fb] 0.13 0.14 0.11 0.48 0.50 0.31
Po (Z) 0.33 (0.4a) 0.19 (0.9a) 0.55 (-) 0.48 (0.1a) 0.44 (0.2a) 0.07 (1.5a)
T ab le  5. Numbers of events observed in the signal regions compared with the expected back­
grounds. The rare category is defined in the text. Background categories with yields shown as a 
do not contribute to a given region (e.g. charge flips in three-lepton regions) or their estimates 
are below 0.01. The 95% confidence level (CL) upper limits are shown on the observed and expected 
numbers of BSM events, S b  and S9Xp (as well as the ± 1 a  excursions from the expected limit), 
respectively. The 95% CL upper limits on the visible cross-section (av;s) are also given. Finally, the 
p-values (po) give the probabilities to  observe a deviation from the predicted background at least 
as large as tha t in the data. The number of equivalent Gaussian standard deviations (Z ) is also 
shown when p0 < 0.5.
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on th e  m asses of SUSY particles in th e  benchm ark  scenarios of figure 1. T he H is tF itte r  
fram ew ork [93], which utilizes a profile-likelihood-ratio  te s t [94], is used to  estab lish  95% 
confidence intervals using th e  C Ls p rescrip tion  [95]. T he likelihood is bu ilt as th e  p ro d u c t 
of a Poisson p robab ility  density  function  describ ing th e  observed num ber of events in th e  
signal region and, to  constra in  th e  nuisance p aram eters  associated  w ith  th e  system atic  
uncerta in ties, G aussian  d is trib u tio n s whose w id ths correspond to  th e  sizes of these uncer­
tain ties; Poisson d is trib u tio n s  are used instead  for M C sim ulation  s ta tis tica l uncertain ties. 
C orre la tions of a given nuisance p a ram ete r betw een th e  backgrounds and  th e  signal are 
tak en  in to  account w hen relevant. T he hypothesis te s ts  are perform ed for each of th e  signal 
regions independently .
T able 5 presents 95% confidence level (CL) observed (expected) m odel-independent 
u p p er lim its on th e  num ber of BSM  events, (S ^ p ), th a t  m ay co n trib u te  to  th e  signal 
regions. N orm alizing these by th e  in teg ra ted  lum inosity  L of th e  d a ta  sam ple, th ey  can 
be in te rp re ted  as u p p er lim its on th e  visible BSM  cross-section (o vis), defined as o vis =  
o-prod x A x  e =  S9b5s/L , w here 0-prod is th e  p roduc tion  cross-section, A  th e  acceptance 
and  e th e  reconstruction  efficiency. T he largest dev iation  of th e  d a ta  from  th e  background 
p red ic tion  corresponds to  an  excess of 1.5 s tan d a rd  deviations in th e  R pv2L1bM  SR.
Exclusion lim its a t 95% CL are also set on th e  m asses of th e  su p erp artn ers  involved 
in th e  SUSY benchm ark  scenarios considered. A p art from  th e  NUH M 2 m odel, simplified 
m odels are used, corresponding  to  a single p roduc tion  m ode and  w ith  100% branching  
ra tio  to  a specific decay chain, w ith  th e  m asses of th e  SUSY partic les no t involved in th e  
process set to  very high values. F igures 4 , 5 and  6 show th e  exclusion lim its in all th e  
m odels considered in figure 1 and  th e  NUH M 2 m odel. T he assum ptions ab o u t th e  decay 
chain  considered for th e  different SUSY partic les are s ta ted  above each figure. For each 
region of th e  signal p a ram ete r space, th e  SR w ith  th e  best expected  sensitiv ity  is chosen.
For th e  R P C  m odels, th e  lim its set are com pared w ith  th e  existing lim its set by o th er 
ATLAS SUSY searches [23 , 96]. For th e  m odels shown in figure 4 , th e  m ass lim its on 
gluinos and b o tto m  squarks are up  to  400 GeV higher th a n  th e  previous lim its, reflecting 
th e  im provem ents in th e  signal region definitions as well as th e  increase in in teg ra ted  
lum inosity. G luinos w ith  m asses up  to  1.75 TeV are excluded in scenarios w ith  a light 
Xi in figure 4 a . T his lim it is ex tended  to  1.87 TeV w hen x2  and  slepton m asses are in- 
betw een th e  gluino and  th e  Xi m asses (figure 4c) . M ore generally, gluino m asses below 
1.57 TeV and  b o tto m  squarks w ith  m asses below 700 GeV are excluded in m odels w ith  a 
m assless LSP. T he “com pressed” regions, w here SUSY partic le  m asses are close to  each 
o ther, are also b e tte r  covered and  L SP m asses up to  1200 and  250 GeV are excluded in 
th e  gluino and  b o tto m  squark  p a ir-p roduction  m odels, respectively. O f p articu la r in terest 
is th e  observed exclusion of m odels producing  gluino pairs w ith  an  off-shell to p  quark  in 
th e  decay (figure 1b) , see figure 4 a . In  th is  case, m odels are excluded for m ass differences 
betw een th e  gluino and  n eu tra lin o  of 205 GeV (only 35 GeV larger th a n  th e  m inim um  
m ass difference for decays in to  tw o on-shell W  bosons and  tw o b-quarks) for a gluino m ass 
below 0.9 TeV. T he R pc3LSS1b SR allows th e  exclusion of to p  squarks w ith  m asses below 
700 GeV w hen th e  to p  squark  decays to  a to p  q u ark  and  a cascade of electrow eakinos 
X 2 ^  Xi W T ^  W * W TXi (see figure 4e for th e  conditions on th e  spartic le  m asses).
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Figure 4. Observed and expected exclusion limits on the g, b1; t 1 and Xi masses in the context 
of RPC SUSY scenarios with simplified mass spectra. The signal regions used to obtain the limits 
are specified in the subtitle of each scenario. All limits are computed at 95% CL. The dotted lines 
around the observed limit illustrate the change in the observed limit as the nominal signal cross­
section is scaled up and down by the theoretical uncertainty. The contours of the band around the 
expected limit are the ±1<r results (±2<r is also considered in figure (e), including all uncertainties 
except the theoretical uncertainties in the signal cross-section. In figures (a)-(d), the diagonal line 
indicates the kinematic limit for the decays in each specified scenario and results are compared with 
the observed limits obtained by previous ATLAS searches [23, 96].
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Figure 5. Observed and expected exclusion limits on the ¢/, t 1, dR and Xi masses in the context 
of RPV SUSY scenarios with simplified mass spectra featuring gg or dRdR pair production with 
exclusive decay modes. The signal regions used to  obtain the limits are specified in the subtitle 
of each scenario. All limits are computed at 95% CL. The dotted lines around the observed limit 
illustrate the change in the observed limit as the nominal signal cross-section is scaled up and down 
by the theoretical uncertainty. The contours of the band around the expected limit are the ±1o 
results, including all uncertainties except theoretical uncertainties in the signal cross-section (±2o is 
also considered in figures 5e and 5f) . In figures 5a- 5d, the diagonal line indicates the kinematic limit 
for the decays in each specified scenario. For figures 5e and 5f, theoretical production cross-sections 
are shown for two different gluino masses in red (1.4 TeV) and blue (2.0TeV).
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F ig u re  6. Observed and expected exclusion limits as a function of in the NUHM2 model [31, 
32]. The signal region Rpc2L2bH is used to obtain the limits. The contours of the green (yellow) 
band around the expected limit are the ±1<r (±2<r) results, including all uncertainties. The limits 
are computed at 95% CL.
For th e  R P V  m odels w ith  gluino pair p rod u c tio n  (figures 5a- 5d) , a generic exclusion of 
gluinos w ith  m asses below 1.3 TeV is ob ta ined . W eaker exclusion lim its, typ ically  around  
500 GeV, are ob ta in ed  in m odels w ith  p a ir p ro d u c tio n  of dR (figures 5e, 5f) .
F inally, in th e  NUHM 2 m odel w ith  low fine-tuning, values of th e  p aram ete r m i /2 below 
615 GeV are excluded, corresponding  to  gluino m asses below 1500 GeV (figure 6) .
7  C o n c l u s i o n
A search for supersym m etry  in events w ith  tw o sam e-sign leptons or a t least th ree  lep- 
tons, m ultip le  je ts , b-jets and  large E™ ss a n d /o r  large m eff is presented . T he analysis is 
perform ed w ith  p ro to n -p ro to n  collision d a ta  a t yfs  =  13 TeV collected in 2015 and  2016 
w ith  th e  ATLAS d e tec to r a t th e  L arge H adron  Collider corresponding  to  an  in teg ra ted  
lum inosity  of 36.1 fb - 1 . W ith  no significant excess over th e  S tan d ard  M odel p red ic tion  ob­
served, resu lts are in te rp re ted  in th e  fram ew ork of sim plified m odels fea tu ring  gluino and 
squark  p rod u c tio n  in R -parity -conserv ing  and  R -parity -v io la ting  scenarios. Lower lim its 
on p artic le  m asses are derived a t 95% confidence level. In  th e  gg sim plified R P C  m od­
els considered, gluinos w ith  m asses up  to  1.87 TeV are excluded in scenarios w ith  a light 
Xi. R P C  m odels w ith  b o tto m  squark  m asses below 700 GeV are also excluded in a b1b*1 
sim plified m odel w ith  b1 ^  tW - Xi and  a light Xi. In  R P V  scenarios, m asses of down 
squark-righ ts are probed  up  to  m jR w 500 GeV. All m odels w ith  gluino m asses below
1.3 TeV are excluded, g reatly  ex tend ing  th e  previous exclusion lim its ob ta ined  w ith in  th is 
search. M odel-independent lim its on th e  cross-section of a possible signal co n trib u tio n  to  
th e  signal regions are set.
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